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SUMMARY

Measurements of heat transfer, pressure, and recovery'temper—
ature at the blunt base of a circular cylinder with and without
combustion 9of hydrogen in the recirculation zone have been obtained.

The tests were conducted at Mach numbers 0.23 and 3, and the
boundary layer at the shoulder appeared to be turbulent. The hydro-
gen was introduced by tangential injection upstream of the shoulder.
Combustion was induced at Mach 3 by autoignition utilizing sufficient-
ly high flow stagnation temperatures and at Mach .23 by means of an
electric spark. The extent to which the hydrogen was entrained in
the recirculation zone was established quantitatively by fuel con-
centration measurements in the vicinity of the base. It was found
that the effect of combustion on the base properties could be cor-
related in terms of this fuel concentration. Utilizing this para-
meter, an eépirical procadure for estimating the recovery temperature
anc increase in heating rates :z:ssociated with combustion has been

deduced and is described herein.
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"EXPERIMENTAL DETERMINATION OF HEAT TRANSFER DUE
TO HYDROGEN COMBUSTION IN A BASE FLOW REGION"

I. INTRODUCTION

During the launch phase of a certain class of space boosters
venting of the fuel tanks is required in order to relieve the
pressure rises caused by the aerodynamic heating. This dumped
fuel may be entrained in the base region and, depending on flow
conditions, combustioh can ensue with subsequent exposure of the
vehicle surfaces to excessive heating rates. At thé present time
adequate analytic methods for describiﬁg the fluid mechanics in
this recirculation zone and the effect thereon of chemical re-
aqtion are not available.particularly for the case of a turbul-
ent boundary layer at the shoulder immediately upstream of the
base. Thefefore, experimental results are regquired not only for
design purposes but also to provide a framework on which to assess
the validity of any future theoretical work. )

To supply some fundamen+al data.from which engineering esti-
mates could be obtained an experimental study of this phenomenon
has been carried out at the General Applied Science Laboratories.
For this purpose a series of tests at Mach 3 were conducted in
which the situation described above was approximated. To assess
the effect'of Mach number additional tests at subsonic speeds
were also performed. The venting of the fuel was simulated by the
tangential injection of gaseous hydrogen upstream of the base of
an axisymmetric body. The specific objectives of this investigation
were to establish the conditions under which combustion would occur
in the recirculation region and to determine quantitatively the
effect of this combustion on the pertinent base par ameters.
Finally these effects were to be related to, and estimated from

conditions prevailing prior to the onset of combustion.
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.The existence of a turbulent boundary léyer at the shoulder
of the model was assured by the tunnel.stagnation conditions used
in the tests. For the Mach 3 tests these were 1000-2650°R and
130 to 440 psia for stagnation temperature and pressure raspectively
yielding a Reynolds number range of 3;0 to 30 x 106 based on a
model length of 1.5 feet. The corresponding Reynolds number for the
subsonic tests was 2.1 x 106. These operating conditions also in-
clude temperatures sufficiently high to cause autoignition of the
'njeéted hydrogen. At the lower temperatures; since natural
"ignition did not occur, measurements of fuel concentration iﬁ the
recirculation zone were obtained in order to definc the frozen flow
field that exists prior to the onset of combustion. The possibility
of ignition occurring at-low temperatures by virtue of local hot
spots was investigated by uﬁil;zing artificial ignition devices.
Both electrical spark discharges and a pyrophoric fuel pilot flame
was used for this purpose. In this connection the results of
Townend (Ref. 1) and Baker et al (Ref. 2) may be cited. These
invescigators found that stable combustion of hydrogen could be
established in the base renion of cylindrical bodies by artificial
mears at air temperatures well below practical autoignition values.
These experiments were conducted at Mach numbers 2.14, and 1.6 re-

spectively which are intermediate to those used in the present test

case. .
— - - b - - ‘
In +%e gecticsne wihich follow the experimental equipment ahd
- - - - -, P - B 1 |
vroceiares are et e _ed.  Then the results of tests both
- ‘
with and witho - soryustior are rresentef and discussed. It 1s
SN PR - . - - . - - - - - <58} - o~ o 5
S turAateg Y teY. snoeriratior of whburned fuel in the base
: \ . . . .\
v2:l0n is z gulvanio correlating parareter for describing this
- - - .. - . - s PR = . - . - S - -«
S o - z e elforgs ? nduce Tombusticon ar the
R 2= oo, - < o -y T -t e R s oo Ay a4 "",D‘
: ez L -z - = . . PUR 5 9 aL [
af & ama o - . v e = - b . £ = - br] = " 4 - . e 5 I [ e wa=s
2T I0TLE TN LTLEUC Te g .ooaT ME 3 ST CUT ML CLITLICNLTY 2
ErooNTLIren T ot oAl 57 Umo osurnstric runs. Finally, a proceasurs
fmr o 2ntimatina e v Lsvars, SomT.or It iYe ant 9at:ingc rates associstec
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I1. DESCRIPTION OF EXPERIMENTAL EQUIPMENT

A. High Temperature Air Supply

Two sources of high temperature air were utilized in
these experiments. For tests in the lower temperature range
(1000°R-1800°R) and for tests in which concentration measure-
ments were made, the GASL convection heater was utilized. This
facility heats dry air by passing it through a bed of hot aluminum
oxide pebbles. A more detailed description of this heater may be
‘found in Reference 3. For tests at higher temperature (up to 2600°R)
the GASL combustion heater was utilized. Here heating of the air
stream is accomplished by burning a stoichiometric mixture of oxygen
and hydrogen. This facility was previously described in Reference 4.
As a result of this combustion the air stream is vitiated to a vary-
ing extent (depending on the amount of hydrogen burned to obtain a
specific total temperature) due to the présehce of water vapor;
This effect is manifested in a variation of the specific heat ratio
- and must be accounted for in the nozzle design. Furthermore, the
presence of water vapor tends to obscure concentration measurements
which utilize a binary technique to determine the percent of species
present. For this latter reason the convection heater was utilized
eXClusive1§ for determination of fuel concentration in the base
region.

An additional characteristic of the combustion heater is the '
unsteadiness of the starting process due to the manner in which
combustion is initiated. This is accomplished at reducéd_flow
rates of air and hydrogen until ignition is obtained whereupon
the gas flows are increased until the desired operating conditions
have been attained. The resulting unsteady history of total temper-
ature and pressure to which the model is exposed dictates the use
of a transient technique for thé measurement of heat transfer as

described in section D-=13.
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B. Sampling Ecuipment

The percent of injected fuel present in a typical sample
of fluid collected was established by utilizing the sampling

« .

equipment which is available at GASL. The rig consists basically
[ ] . -

of a mobile, 20 bottle collecting unit and an analyzing unit which
evaluates the percentage of species present in the (binary) mixture.
The latter incorporates a so-called thermal conductivity cell which
compares the thermal conductivity of the unknown mixture to that of
premixed samples of known concentration. The reguired calibrations
werc carried out immediately before each sampling run. A detailed
description of this eguipment including the underlying theory, the
operatgng procedure, and its accuracy and limitations may be found
in Reference 5.

C. Nozzle and Base Model

These items are described here concurrently since the kbasc
model, including its support, forms an integral part of the annular,
axie;mmetric nozzle used in these tests. A schematic of the config-
gratisn i3 shown in Figure 1. Nozzle contours were calculated for
heat ratio of 1.35 which was deemed
a reasonable averace vilue over the range of stagnation temperature
hose tests. The physical area ratio which resulted cor-
responds Lo Mach 2.08 flow for pure air (i.e., for ~ = 1 4). Once
the zeneral contours had been generated, an arnnular stream tube was
sclected with inner and outer diameter consistent with the mass flow
capabilities of the high temperature air facilities described

rreviously. The contour of the inner streamtube was utilized to

et

X

senerate the centerbsdy support and cvlindrical base. The resulting

test section diameter is nominally six inches with a cvlindrical

centortads 30" i» diar~ter at the basc. In addition to eliminating

P
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interference from a support system this approach also permits
the use of a relatively large base model (for a given test

section diameter) since bow shocks are not present and tunnel
interference due to reflection of these waves does.not occur .

The rig described here was also utilized in several
subsonic runs. Subsonic flow was attained by reducing the mass
flow through the nozzle. To minimize non-uniformities in the
flow stainless steel screens were installed dpstream of the test
section as sho@n in Figure 1.

Injection of the gaseous hydrogen fuel was by means of
either an apnular slot .050 inches high or through a series of
ten .040 inch I.D. tubes arranged peripherally around the
cylindrical centerbody. “The exit station for the fuel was .
located at a point approximately one base diameter upstream of
the base as shown in Figure 1. 1Injection was essentially parallel
to the model axis.

D. Instrumentation

1) Pressure Measurements

The base of the model was provided with a series of
flush pressure taps .040 in. in diameter and located as shown in
Figure 2. Additional static taps were installed in the tunnel
wall at stations immediately upstream and downstream of the base.
Free stream pitot pressures were obtained by means of small diameter
(.0625 in.) total head probes supported from the tunnel walI; Care
was taken in locating these to insure that the presence of the probe
did not affect the base flow. For the determination of the subsonic
velocity profiles shown in Figure 3 a standard Prandtl type pitot-
static probe as manuféctured by the United Sensor & Control Corpor-

ation (Hartford, Conn.) was utilized.




TR~625
Pace ©

Pressures were measured with strain gauge and
variable reluctance %transcucers; the outputs being recorded
on high speed multi-channel oscillocraphs. A "Scanivalve"
(trade name of Scanivalve Co., San Diego, Calif.) was used

to manifold a number of pressures to a single transducer.

2) Temper ature Measurements

The'total temperature of the main stream was
obtained by means of either platinum-rhodium or chromel-alumel
thermocouples permanently installed in the plenum chamber of
the particular facility utilized. For measurement of the re-
covery temperature in the recirculation zone a bare thermo-
couple junction was located at a point slightly off the axis and
approximately 0.125 inches above (downstream) the base surface
by e#tending the thermocouple out from the centerbody. This
thermocouple was fabricated from a standard Thermo Electric Co.,
{(Saddlebrook, N.J.) "Ceramo" thermocouple lead with an .040 in.
outside diameter shield and 36 gage chromel-alumel wire. The
resulting (welded) junctlion is guite small and insures gocd
response with a minimum of disturbance to the base flow. The
outputs from the thermocourles were recorded on oscillographs
or mechanical recorders.

3) Heat Transfer Measurements

The transient heat transfer rates were obtained by
means of one-dimensional cages, first described in Reference 21.
Several of these cages were located in the basc as shown in

Ficure 2. One additional gage was installed in the outer tunnel

wall at a c*reamwise station coincident with the base shoulder

(0

Ky

Pilourel).
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Details of the gage construction are given in Figure 4. They
consist essentially of a metal plug or cylinder imbedded in the model
wall in such a way as to minimize lateral heat conduction. This is
accomplished by providing an insulating aif gap between the cylinder
and the wall of the mcdel for mest of the length of the gage. Thermb-
couple leads are threaded through the center of the plug and a junction
is made at the surface by means of pins made of identical material;
Data reduction is further simplified by making the wall thickness
sufficiently large so that a éemi-infinite heating situation is
approxima;ed.

The measured surface temperature histcry obtained with these gages

is interpreted as the boundary condition for the one-dimensional un-

m

+teadyv conduction of heat t¢c a semi-infinite solid (with constant

thermal properties) initially at a uniform temperature. The heat

transfer is cbtained by numerical Integration using the GASL computer

program described in Refercnce 6.

-

The technigue described here will generally vield values cf heat

flux which are 1ower :1h.an 1-Zsc actuaally cecuirrino.  This is due, first
2f all, o lateral Yoat cornoucd” n Secondly, the effective locat:ion
of the therrmocouple urct.or w.11 tend to be beneath the actual surface

erperaturcs <11l be recorded thereby decreasing the
estimated heat flux. Tzking lnto account these effects, it is esti-
mated that the measured heat flux rates will be lcwer than the actual
values by about 5% - 137 with the error increasing at the higher

temperatures.
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4) Concentration Measurements

Samples of the fluid in the.base region were collected by
manifolding three of the five flush pressure taps located in the base
to an evacuated sampling bottle. This manifolding was necessitated
by the short duration of sampling time (5-10 seconds) and the low.
driving pressure (2-3 psia) which was available for providing-a
sample sufficient for an accurate analysis to be performed. The
particular set of pressdre taps connected to the sampling bottle was
varied from time to time to ascertain the extent to which the base
concentration varied along the base surface. No measurable difference
could be detected. It is concluded that, within the accuracy of these
measurements, the concentration in the vicinity of the base was
essentially uniform.

5)  Mass Flow Measurements

Mass flow measurement was by means of standard venturi
meters, with the pressures being recorded by the tfansducer-oscillo—
graph link described previcusly. In addition to the fuel injected
through the model the tunnel air flow as well as the oxygen and
hvdrogen flow for the combustion heater were alsc monitored. The
latter measurements are essent:al since they permit a comparison to
be made between the measurecd tctal temperature and the thecretical
flame temperature implied by the amount of fuel aqtually injecyed.
These comparisons indicated that the presence cf unburned hydrogen:

in the resulting tunnel flow was negligible.
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III. PRESENTATION AND DISCUSSION OF RESULTS -

A. Description of the Rasic Flow

Fcr the purpcse of compariscn with the results obtained
with injecticn, considerable effort was devoted to collect measure-
ments defining the basic flow field cccuring without injection.
These data are sﬁmmarizeé in this section. In addition, wherever
pcssible, they have been ccmpared with available thecry and/or
other exper:imental data in ¢rder to previde a basis for assessing
the accuracy of tre experimental setup and measuring techniques
utilized in this investigatirn.

1. Subscrnic Tests

. wn

e ncminal cperating conditions for the subsonic test
series are listed in Table I. Typical velocity and total pressure
profiles at and near the ktase shoulder are shown in rigure 3
“ogether with spacewisce d:istributions of static pressure in the
vicinity of ti.e base. TIrom these dava .t appears that the base
pressure coefficient and Mach nunber for the subsonic tests are

appreximately 0.2 and .23 rezvectively.

2. Sorvergonic o test
2 Dasg Tresiuis
The slaonr rdaiticns for these tests are sum-
mar Lzed n o Talble .00 Tase 2 3 ~irnal centerbedy lerngth of 1.5
feet ard thoe gaver dala rhe 2lniTmum Tevrnoldes namber was 30X 106

and in general was substartlally higher than this value. Ience,
the Tourdaryv layer at tne sucuilder was prcobably turbulent. This
cenclusion s sapprrred by the Lase pressure data shown in Figure 5.

"§ carn re scoen S he veasured resuits agree well «ith the turbulent data

compiled in rRefers s 7 Lote trhat the citiationn of the air stream
oroauces U z ISRV S aror Is reflected n trls cata oy a
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slight variation in the external Mach number at the shoulder.
Representative data showing the spacewise distribution of the pressure
on the base during a given run is shown in Figure 6. Some variation
is evident with the pressure at the axis of the base being some-

what higher than the value clcser to the shoulder. For the purposesv
of these experiments this variation is not considered significant

and the base pressure in the further discussion will be characterized
by a single value corresponding to a suitable average.

b) Recovery Temperature

The results of the base recovery temperature measure-
ment without combustion are presented in Figure 7 where they are com-
pared with some other data available in the open literature. This
data is the result of near wake investigations conducted at a variety
of flow conditions as indicated in Figure 7. The comparison is made
only for the purpose of establishing that the results .obtained in the
present test series are reasonable. There is no intent here to
formulate éorrelétions.for general usage. Such an endeavor would
clearly be beyond the scope of the present wcrk.

. ¢) leat Transfer Results at the Base Shoulder

T+ was previcusly noted that a heat transfer gage was
installed flush with the ~uter tunnel wall at a streamwise station
coincident with the base shoulder. Although this gage is not actually
located on the centerbody proper the measurements obtained there can be
interpreted as applicable to the base shoulder since both locations are
exposed to the same external conditions. Furthermore, for the turbulent
flow conditinns existing here the effect of lateral curvature is slight
and corrections to account for the difference in radius are negligible.
Thus, in the further discussion all measurements obtained at this
location will be considered properties at the base shoulder and will be

denoted by subscript s.




TR-625
Page 11

The heat transfer results at the shoulder are shown
in Figure 8. To assess the accuracy of these measurements the results
have been compared with the prediction of the flat-plate reference

enthalpy method fcf Method I of Ref. 8) denoted henceforth as the FPRE

method. According to this methcd the heat transfer can be predicted

from the relaticn

l 3 ' 4 5 .
Nul = 0.03 (pr') / (Rer) /5 (1)
where oy ke
-: ; ) .B‘.
e i o (}ﬁ -n )
© a w

Ré - : T X / :
B P Utplu

Prt = y o< '/x°

Here primed guantities dencte thermodynamic properties of the fluid
which zre evaluated at the reference enthalpy defined ty

/=
0.22 or* n_ +n f0.5-0.22 pri/3) (2)

“fe

ht o= 0.5 h

The reference lersth x_ used in the calcaulaticn was taken as the
axral distanrce from the "~ .v3t ¢f il:e nozzle te the base. The data

e generally belcw the values predicted by Eguation (1).
Part of this difference can be asscciated with errcsrs inherehnt in

Eguation (1) itself which is strictly valid only for zerc pressure
cgradient. In general, it l:as been found (cf. Ref. 9) that the FPRE
method will vield values «»ich are hich in the case of a favorable

pressure gradient which prevalls in a nczzle. Thus agreement can be

consicered ¢nnd fnr tests in the convection heater Lut only fair in

P
+
)
i
\
\
L
.

[ it Qe SRS ST R iU LRTUYLTUCE
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exhibited by the latter is svstematic and hence probably not due to
experimental scatter. Corrections were performed to account for the
presence of water vapor but these proved to be negligible. The
behavior 1s prcbhably due to the lateral conduction effects in the
heat transfer gage previously mentioned, which increase not only

with higher heating rates but also with increased running time. Note
that uniform conditions were achieved in the ccnvection heater within
2-3 seconds whereas, as a rule, approximately 10-12 seconds elapsed
before the combustion heater was ocperating at the desired steady

state.

d) . Heat Transfer Results at the Base

The heat transfer results at the base without injec-

tion are shown in Figure 9 in ncn-dimensional form accordinc to:

Nusselit Nurber.

‘/l
o
I
&4
8
>
]
5
—

(3)

Revnolds Number

P
D
9s)
i
o
w
0
l—‘
t
~
=
o
H
0

where the thermedynarmic pronarvies are computed frem standard air

. The values cf heat transfer

d are those occur::ing during steady state with the wall

r base pressure at the corresponding instantaneous
values. Each data point corresponds to a particular test run and
for each of these the heat flux has been characterized by a single

value of g, since, as in the case of the base pressure measurements,

vy
spacewise resolution was deemed not meaningful within the present
experimental accuracy. The value utilized represents the maximum

0f the several availahle.
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The data again exhibits the behavior previously
observed at the model shoulder in that the results obtained in
the convection heater are syétematically higher. However, this
effect is considerably less pronounced as would be expected for
the lower heating rates occurring at the base.

As indicated in Figure 9 the heat transfer results
exhibit a Nusselt number dependence on the 2/3 power of Reynolds
number. This is in agreement with the conclusions of Reference 10
and 11 wherein the heat transfer characteristics of turbulent
separated flows have been examined.

B. Concentration Measurements

In tests where concentration measurements were obtained,
tunnel and fuel flow were initiated simulataneously. However,
sampling of the £luid in the recirculation zone was delayed a
minimum of 2 seconds to assure the existence of steady conditions
in the base. This delay was automatically controlled by electrical
timers activated by initial fuel injection. The sampling was accom-
plishied by the procedure previously described.

The results of conéentration measurements are summarized in
Fizures 10 and 11 for the supersonic and subsonic tests respectively.
In these figures the mass flow of hydrogen has been non-dimensionalized
with respect to the overall tunnel mass flow. This method of normal=-
izing the results is chosen for convenience in interpreting the data

obtainedewith combustion as will be described in a later section.
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The dependence of the base concentration of fuel on the
mode of injection as well as on the rate thereof is clearly evident
for both the subsonic and supersonic runs. This behavior is probably
associated with the difference in the mixing mechanism which exists
betwe~n the two injection schemes.

Clearly the higher base concentraticns are associated with
greater entrainment of fuel in the recirculation zone which in turn
implies less mixing of the fuel with the high velocity external air
capable of traversing this region. Hence, it would appear that much
greater mixing occurs with tubular injection which is of course, con-
'sistent with the three-dimensional character of this configuration.
The efficiency of the process with annular injection is even further
reduced because of the possible laminarization of the boundary layer

on the cvlinder due to the low exit velocities.

C. Effect of Injection on Base Parameters in the

Absence of Combusticn

The effect of fuel injection on base pressure and recovery
temperature is shown in Figures 12 and 13 for the supersonic case.
Corresponding results for the low speed tests arc nct presented since

no discernible effect on these parameters wa

mn

observed. However, it
snhould be noted that the reduction in the recovery temperature 1is a
consequence of .the low temperature of the fuel relative to the free
stream air. Thus, for the subsonic tests where both fuel and free
stream air were at ambient temperature no decrement in recovery
temperature would be expected. ’
The trends previously observed for base conéentration are

reflected once acain in the data taken in the recirculation zzono.

-3
i
o
rt

is, a substantially greater effect 1s prodacaed by the annular
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mode of injection on both pressure and temperature at any given rate
of fuel flow.

Insofar, as the temperature effect is concerned it is clear
that this is asscciated with the entrainment of cold hydrogen in the
recirculation zone. Despite these lower temperatures however, the low
molecular weight of the entrained fuel would tend to reduce the 'average
density in the streamtube contained by the dividing streamline. From
a- fluid dynamic point of view this would be reflected in a reduction
in the expansion suffered by the dividing streamtube with a con-
sequent increase in the equilibrium pressure within the dead air region.
This effect is demonstrated in the observed pressure rises and by the
shadowgraph picutres of the base flow shown in Figures 14. Here, the
flow patterns with and without injection have been compared. An in-
crease in the neck diameter at the point where the recompressioﬁ shocks
begin can be seen in the injection case.

If the argument presented above is correct it follows that the
observed effects on base pressure and temperature should be uniquely
related to the amount of injectant entrained and independent of the
mode of injection. A correlation of these effects with the measured
concentration has been made and is presented in Figure 15. Suppression
of the injéction mode as a parameter is clearly evidenced by these
results. This property vroves to be of considerable utility in the
interpretation of the results cbtained with combustion. '

D. Effect of Combustion

1. General Remarks

Although no difficulty was encountered in inducing com-
bustion artificially at low flow temperatures during the subsonic tests,

similar efforts at Mach 2 proved fruitless. 1In the latter case both
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electrical spark discharges and a triethylaluminum (TEA) pilot flame
were utilized as ignition sources. The TEA pilot flame was established
directly in the base flcw region by injecting the pyrophoric through
one of the existing pressure taps. The spark, situated at a stream-
wise station approximately one inch dOWnstfeam of fhe base, was
mounted on a pneumatic cylinder which could be withdrawn once com-
bustion was initiated. The strcke of this cylinder was sufficient
to traverse the entire jet from the outer tunnel wall to the mcdel
axis. v '

At subsonic speecs only the spark source was utilized
since igniticn was readily achieved in this way. This comhustion
persisted in a stable manner after withdrawal of the spark as long
as fuel flow was maintained.

Referring now tc the Mach 3 case, in tests using the
spark discharge 1t can be stated categorically that no hydrogen
combu.-tion occurred. In the case o0f the pilct flame only indirect
evicence that combusticn was nct induced can be offerred since the

prescnce of the pilct flame itself was reflected by rises in pressure,

]

ecovery temperature, and heating rates at the base. This indirect

)

[FH
{

0}

AV 2R I

ence 1s as fcllows First. the cbserved effects persisted only

—

s0 cn

V8]

as the TEA flow was mairtained even if the hydrogen flow
was continued for a longer period. Seccndly. the magnitude of‘
these effects - {e. g., base pressure rise) was indistinguishable
between runs which, in one case included both hydrogen and
TEA flow, and in the ctherx, only TEA flow was maintained.
These efforts were carried ocut over the temperature range 1500-1800°R.
It is concluded that for the injection configurations used and for the
Mach 3 condition stable cembustion in the recirculation zone cannot

ccur at these low temperatures. Thus, in view of the results of Townend

(Rz£.1) and Baker et al (Ref.2) a "flame cut"” Mach number exists somewhe.
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between 2.14 and 3. The latter conclusion must be considered provis-
ional however, since differences in the injection configuration existed
between the present tests and the experiments cited.

For ccnvenience in the further discussion the results
obtained with combustion will be characterized as either supersonic
or subsonic. In the first categcry will be included those tests at
Mach 3 where combustion was a consequence of autoigniticn due to
elevated flow stagnation temperatures. In the second category will
be included subsonic tests where combustior was induced artificially
by means of an electrical spark.

2. Supersonic Results

The procedure here consisted of first establishing the
desired steady state tunnel conditions whereupon injectioh of the
fuel was init;ated by activating a system of electrically operated
valves. Visual observation of the base region during the test was
by means of a television monitor. The burning was readily okserved,
steadyv, and persisted sé long as the fuel was maintained. A typical

direct photograph obtained during burning is shown in Figure 16. The

efifect of this combustion on basc pressure, reccvery temperature and
pase nheat flux rates .s shown in FTigures 17, 18. 19 Here the values
Obtained with combustion have been compared with the appropriate condi-

tion occurring immediately before burning was irnitiated. This com-
parison is macde over a ranrge of fuel flow with the injection mode as’
a parameter.

In order to correlate these effects with the concentration
as for the non-burning results the concentration was estimated by
utilizing the measured fuel flcw rates in conjunction with the cali-
bration curves drawn through the data shown in Figure 10. This is
necessitated, of course. bv the fact that direct measurement of fuel

concentration was not possible during these high temperature runs. The
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result of this correlation is shown in Figure 20. Again suppression
of the influence of injection mode is apparent.

In a further effort to describe the observed phenomena
in an elementary way the (equilibrium) adiabatic flame temperature
corresponding to the estimated values of concentration and the
conditions at the base prior to combustion {i.e., the frozen con-
dition) was calculated and is compared with the measured recovery
temperature in Figure 21. This procecdure is in the spirit of
Zakkay (Refn 12), who has demcnstrated that an accurate prediction

of the flame temperature i1n free jets can be cbtained by this )

ct
(1]

chnigue. Of course, in the present applicaticn this procedure
cannot be expected to be as accurate for two reasons. First of

all, in view of the heat sink capabilitv of the mcdel, the process is
non-isoenergetic so that an approach which neglects this effect

o end to over predict the final temperature. The existence of
this effect is evidenced by the compariscn drawn in Figure 21 and
e cdata of Figure 22, showing the effect of increased heating rates
vy temperature and the latters departure from the calcu-

lated, value. A seccnd reason for sxpecting some deviaticn between

[¢]

the calculated and measured values is, of course. asscciated with the
pressure rises observed with burning and their resulting effect on
the flow field. This interaction is especially critical in the case
of a base flow. Despite these shortcommings, the procedure appears
to provide a rational method for estimating the maximum temperature.
The heat transfer results obtained with combustion are

compared with the no injection results in Figure 23 using the non-
dimensiocnal representation previously introduced (cf. Eg. (3)). 1In

computing these parameters the values of To and p_ that occur during

B
combustion are utilized. Then the thermal properties {4, k, h) are

B
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evaluated at this temperature and pressure from standard air tables.
Although it would appear that a rough correlation has been obtained
by plotting the data in this form it is clear that this correlation
is of gquestionable value since it involves quantitiés which, at
present; cannct be predicted (i.e., the recovery temperature.and
base pressure with combustion). In order to effect a more meaningful
correlation ard one which wculd have some engineering utility, modi-

fied definitions of Nusselt and Reynolds numbers were introduced in

accordance withs

l
1]

z . - . I+ :
Nug qu xo/k (T AWB) ;7 Rep = py 4 hg rB/pf/?Tf (4)

-

where Tf‘denotes the flame temperature calculated as described
before, subscript f denotes properties evaluated at this temper-
ature and subscript i1 denotes conditions occurring prior to com-
bustion. The result of this modification is shown in Figure 24.
The power law correlation shown in this figure fits all of the data
within = 12% with the exception of one of the annular combustion
runs. It should be notgd that the pressure rise asscciated with
this run was the highest observed in the series, amcunting to an
increase approximately 75% over the initial value. This indicates
that the usefulness of the correlation is restricted to those cases
where modification of the flow field by the éombustion is small.
Subject to this restriction, the correlation provides
a method for predicting the heating rates to which the base would
be exposed during combustion from a knowledge of conditions existing
prior to combustion if a reasonable estimate of the concentration
in the recirculation region can be made. Of course, the present
results <o not provide any way of making this latter estimate; on

the contrary they indicate the inherent difficulty in making any such
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predictions since this parameter is not simply related to flow rate
but depends critically cn the particular flow configuration used to
introduce the fuel. On the other hand, an estimate of the maximum
heating to be expected can be cbtained by assuming in all cases the
stoichiometric condition to prevail. As an example, consider the

following: set of initial data which corresponds to one of the tests

described in this report. Take Py = 3.5 psia, To = 1320°R,
i B
TWB‘ = 632°R and assume XH2 = 0.424 (i.e., an equivélence ratio of
l -
unity). Then from combustion tables (Ref. 13) T;=464OCR so that
Re, = 3.5 x 104.
Hence,
EEB = 0.12(3.5x10%) 2 %8=147

so that qu = 117 BTU/ft2 sec. This value is approximately twice
the measured value cf 54 BTU/ft2 sec. and the latter includes the
effect of a pressure rise amounting to a 60% increase over the
initial valve. Hence this approaéh can generally be characterized
as conservative.

Finally. it'is ncted that an upgrer limit in the rise
in heating rate is indicated by the data. In Figure 20 it can
be seen that for hydrogen concentraticns apprcaching stoichio-
metrxic the rate of increase in heat transfer is attenuated. It
is expected that for higher concentrations this trend would con-
tinue. It appears that this maximum corresponds‘to a factor of
four. This includes a pressure effect which, if eliminated, would
result in lower rates of heating due to the combustion alone.

The effect of pressure on heat transfer coefficient is shown in
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Figure 25. The data includes only those results obtained without
injection. With this as a basis, a correction applied to the data
of Figure 20 would indicate a maximum increase in heating rate
approximately three times the initial value. ‘

3. Subsonic Results

All of the test data for the subsonic tests have been
tabulated in Table II. It should be noted that during this series
the thermocouple monitoring the recovery temperature was inoperative.
Hence, thermocouple probes were installed at two downstream stations
at the model axis and at the distances given in Table II in multiples
of the base radius rB.

The heat transfer results are summarized in Figure 26 and
compared with the supersonic data in Figure 27. A distinct Mach number
effect is evident. It should also be noted that combustion was achieved
only with the annular injection mode presumaﬁly because of the excess-
ively dilute fuel concentration occurring with tubular injection. This
agrees with the results of test 281 and 284 wherein combustion was not
achieved even with the annular injector but at the lowest rates of fuel
flow. It should appear that for this configuration a lower limit for

combustion occurs at XH ~ 0.1. This limit has been characterized in
2
the various figures as the "flame out" limit. This agrees with the

limits of inflammability established for related configurations wherein
pilots and flame holders are utilized to induce ignition at similar
temperature levels. The effect of combustion on base pressure is

shown in Figure 28.
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IV. CONCLUSIONS

On the basis of the experiments described in this report
the following conclusions have been reached:
1. The appropriate parameter for correlating the effects of
injection and combustion of a fuel entrained in the recirculation
zone of a cylindrical base is the concentration of the fuel therein.
2. The adibatic flame temperature calculated from the initial
(frozen) ceondition existing prior to combustion provides a rational
estimate of the recovery temperature in the recirculation zone.
3. At Mach 3, and with hvdrogen as the injected fuel, the maximum
increase in heating rate due to combustion is estimated to be on
the order of a factor of 3 to 4.
4. At Mach 3 it appears that stable combustion in the recirculation
zone will not occur if free stream total temperatures are below
approximately 1800°R, even if local hot spots occur in the immediate
vicinityv of the base.

In addition to these conclusions a method for estimating heat
transfer and recovery temperature in the base region with combus-
tion of hydrogen has been described. This procedure involves a

correlation formula which has been found tc exhibit a Mach number

Q

ependence. Additional tests at different Mach numbers would be
o

required to ascertain the form of this Mach number effect.
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TA) 1
TUNKEL OPERATING ITIONS
.
Mach Number " Stagnation Pz.essure Staqna%ion Temperature 1 Unit Reynolds No. ’
" 4(}:11.&) (°:}‘
3 ) 130 - 440 1000 - 2650
5.23 ot s20

© in test section was essentxally atnospheric.

TABLE 11

SUMMARY OF SUBSONIC TESTS WITH HYDROGEN INJECTION

Run ; Injection mHZ X “)i pp pB_ Swp ﬁ:O Burting,
¥o confic = ', (psig) | (psig) | (BTU/ft2sec) {°r) Achicved
° T initial}" with Combustion whp=1.3
|
’ COMBUSTION TESTS

273 Tubular .002 | .0e8 -.21 ]
276 ‘ .00275 1 .076 -.225 !
277 Annular L0033 .166 -.24 -.11 21.4
273 - L0036 | .174 -.235 | -.08 24.8
279 .0041 | .204 -.215 G 7.6
289 .0022 | .156 -.23 ~.117 22.6
2e1 0019 | .113 -.24 l,
282 .0022 4 125 -.24 -.128 ¢ 171 1985
283 .0022 { .127 -.24 =144 ) 16.4 2005
284 .0018 | .108 -.24 ]
2es .0042 | .222 | -.24 -.006 27.9
286 L0042 | 222 l -.22 | +.014 ‘ 27.2 2930

! !

SAMPLING TESTS
289 | " Annular | .0044 | .225 } -.23 | .
299 " L2033 .le b =27 ‘
291 ! B L0021 .220 1 -.25 !
292 - coor Lo L -l2e ‘ ‘
293 Tubular {.0069 | .10 | -.19
294 .0032 | .085 ‘ -.21 i
295 L0021 | .073 -.215 | .
296 L0011 f .253 l -.22 l
(1) Denotes estimated values for combustion tests and measured values for
sampling tests.
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FIG. 26 SUBSONIC HEAT TRANSFER RESULTS
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FIG. 28 EFFECT OF COMBUSTION ON BASE PRESSURE
(SUBSONIC)



